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1CHAPTER 1. OVERVIEW
1.1 Introduction
Many dramatic environmental changes have occurred throughout Earth history. The pro-
cesses behind those changes are an essential component to geology, and have been of great
interest to much of biology and ecology. Understanding biosphere response to changing en-
vironmental conditions also has implications for society so long as the stability of natural
systems is under threat from anthropogenic forcings. The biosphere itself is unique, and wor-
thy of study. It can be resilient or fragile– the instigator of change (Kappler et al., 2005) or
the victim (Bowring and Erwin, 1998). The biosphere is highly interconnected. Studies by
ecologists, biogeographers and paleontologists have shown that changes in one biome propagate
into others. Any contribution that goes toward describing a part of the biosphere system is
important.
This thesis presents two formal scientific works. The first study in this thesis is a follow-
up on a hypothesis that Phanerozoic marine biodiversity exhibits a dominant ∼62-million-
year (Myr) cycle in extinction (Rohde and Muller, 2005). This hypothesis has spawned new
questions about the interaction between marine biodiversity and the environment (Lieber-
man and Melott, 2007a; Medvedev and Melott, 2007; Melott, 2008). Chapter 3 investigates
the Phanerozoic biodiversity cycles hypothesis using the extensively annotated Paleobiology
Database. This work expands upon previous investigations by probing for phylogenetic and
environmental sources of the biodiversity cycles.
Chapter 4 presents a study that tests a hypothesis that the major biodiversity hotspots
2have tracked the movement of tectonically active regions throughout the past 50 Ma (Renema
et al., 2008). This was done by examining the shifts of alpha diversity hotspots using an
alternate dataset to verify the pattern and to consider the relevance of this hypothesis when
ecotypes are included.
The causes behind changes in biodiversity are important because their effects extend into
other areas of Earth systems research. Establishing a more complete understanding of biodi-
versity response in deep time can also provide a relevant context for society today.
1.2 Biodiversity in deep time
An important outcome of geologic investigation has been the global compilation of fossil
data. The first reliable paleodiversity curves were produced in the late 1970’s and John J.
Sepkoski (University of Chicago) was among the first to do so. His work did much to con-
textualize present-day species richness to what is known from the sedimentary rock record.
Based on tabulations by Raup (1976a), Sepkoski showed that the diversity of animal life has
undergone phases of radiation and extinction (Sepkoski, 1984). Figure 3.1A summarizes the
diversity curves produced by two sources of Phanerozoic biodiversity information, Sepkoski’s
Compendium (Sepkoski, 2002) and the Paleobiology Database.
Although biodiversity studies are not new (Cain, 1938), there are still many questions con-
cerning extinction and radiation that remain unresolved (Condon et al., 2005; Peterson and
Butterfield, 2005; Marshall, 2008; Melott, 2008). One of the important outcomes of early stud-
ies of marine fossil diversity (Raup, 1972, 1976b; Sepkoski, 1978) was that, although most of
the basic animal body-plans were established before the close of the Cambrian, the variations
on those body plans (biodiversity) has greatly increased over the past 542 Ma, the conse-
quence of which is an apparent trend toward higher biodiversity in the present. A couple of
recent studies have focused on standardizing Phanerozoic biodiversity for unequal sampling
3through rarefaction (Sanders, 1968; Hurlbert, 1971). Rarefaction subsamples diversity time
series by randomly selecting a standardized number of genus names from the occurrence list
of all genus names at each sampling point. The resulting diversity curves strongly contrast
conventional Phanerozoic diversity curves because rarefaction diversity curves do not show an
overall Phanerozoic trend (Alroy et al., 2001, 2008).
A second topic of importance to Phanerozoic biodiversity has been the hypothesis of re-
curring extinction events, which has led some to search for explanations for these recurrences.
The occurrence of extinction events throughout the past 542 Ma was closely scrutinized for a
regularity in extinction events (Sepkoski, 1984; Benton, 1995), and a substantial work by Ro-
hde and Muller (2005) made a case for biodiversity cycles. By removing the overall trend
of Phanerozoic biodiversity, Rohde and Muller (2005) uncovered a significant ∼62 Myr cycle
in extinction, and a possibly significant ∼140 Myr cycle. This topic has been one of great
interest (Cornette, 2007; Lieberman and Melott, 2007a,b; Medvedev and Melott, 2007; Alroy,
2008), however the source of Phanerozoic biodiversity cycles is still unclear (Melott, 2008).
1.3 Ecology in deep time
The fossil record of marine animals is exceptionally detailed. It offers the opportunity for
diversity trends, geographic patterns and even habitat to be studied on several scales. One of
the most important privileges of taking an historical perspective of ecology is that the ultimate
outcome of ecosystem events can be observed. Reviews of the marine fossil record have tended
to focus on global trends (Sepkoski, 1978, 1979, 1984; Benton, 1995). Far less attention has
been paid to the relevance of local paleoenvironment to overall biodiversity. Local environ-
mental parameters are well known by ecologists to impact assemblage membership, and these
effects can be propagated far beyond the local ecosystem.
The shortcomings of the fossil record (Alroy et al., 2001; Peters and Foote, 2001; Alroy
4et al., 2008), can explain some of the preference for large scale investigation. Tabulations
of the fossil record today, however, are rich in the biogeographical information necessary to
test hypotheses that connect diversity and environment. The Sepkoski Compendium of Fossil
Marine Animal Genera (Sepkoski, 2002) has been the most widely used source for Phanerozoic
biodiversity data. The Paleobiology Database is a more recent development that represents a
new and independent tabulation of fossil data that incorporates multiple occurrences for each
fossil species, as opposed to the first and last occurrences (the taxon range). The Paleobiology
Database represents data drawn from more than 29,000 published articles entered by over 200
contributing paleontologists according to defined data entry criteria as of February 27, 2009.
5CHAPTER 2. METHODS
Geophysical systems today are increasingly described by an abundance of data making it
difficult to parameterize the most important variables. k-means clustering has emerged as
one of the most powerful means of representing multidimensional datasets in meaningful ways.
Another area of geology where computational methods are in use is in studying geophysical
systems that show cyclic variation (e.g. the El Nin˜o Southern Oscillation, Milankovitch cy-
cles), where changes to the intensity and duration of cycles can have far reaching effects. Of
the variety of mathematical methods for determining dominant modes in such systems, Fourier
analysis has also been widely used and has the advantage of common libraries and routines
in several languages and software packages. k-means and Fourier transform analysis are the
two main analytical tools used in this thesis study. This chapter provides an overview of their
procedures.
2.1 k-means Clustering
A general problem facing researchers in many disciplines concerns how to organize highly
complex datasets, and to meaningfully represent that data using automated mathematical tax-
onomies (Sokal and Sneath, 1963). Numerical taxonomies encompass a wide range of methods
that cluster observations based on multiple dimensions of data. The k-means approach takes
advantage of the sum-of-squares criterion (Hartigan, 1975), and has become one of the most
useful methods for developing clusters.
The objective in clustering observations is to develop clusters of observations for which
6the distance between those observations in multidimensional phase space is minimized. The
euclidean distance D between two N -dimensional points x and y is described by Equation 2.1,
which can be simplified to Equation 2.2.
D(x, y) =
√
(x1 − y1)2 + (x2 − y2)2 + . . .+ (xn − yn)2 (2.1)
D(x, y) =
√√√√ n∑
i=1
(xi − yi)2 (2.2)
The criterion of k-means analysis requires that the sum of the squared geometric distance
(SSQ) be minimized, which places progressively greater weight on objects that are further
apart. This is computed as:
D(x, y) =
n∑
i=1
(xi − yi)2 (2.3)
The measurement of distance is important to any clustering routine, and there are many to
choose from (Manhattan, Hamming, etc.). The method of distance measurement determines
how the similarity of the elements is computed, which influences the geometry of cluster. k-
means is particularly well suited to answer the types of questions addressed in this study for
several reasons. The fossil observations are described by variations in multiple dimensions.
The results of k-means clustering are not affected by variance in the parameters on different
scales. The cluster assignments are based only on the variance in the parameters, and can be
used to test hypotheses developed by other means.
For k-means clustering, the number of clusters is chosen a priori. It is helpful to justify
7this by performing some initial tests on the variance across clusters for several different values
of k. The euclidean distance between the cluster means (centroids) will be maximized as n,
the number of observations, approaches k, the number of clusters. Conversely, small values of
k will result in very large variances between the centroids and observations.
Computation of clusters by the k-means algorithm is initiated by assigning all observations
to randomly scattered cluster centroids. Once all observations have been assigned, new cen-
troids are computed and observations are reassigned to new clusters with the goal of reducing
the euclidean distance within clusters. This process is repeated until the number of observa-
tions that change clusters is less than some threshold. The interpretation of results from a
k-means clustering analysis is typically based on an examination of the means for each cluster
in each dimension, which indicates how distinct a cluster is. Many variations on the basic
premise of the k-means routine (Diday, 1979) are in use, and the k-means procedure has been
investigated under a variety of random sampling strategies (Hartigan, 1975; Bock, 1985).
2.2 Discrete Fourier Transform Signal Detection
Discrete Fourier transform (DFT) analysis is a useful technique for detecting periodic sig-
nals in time series (Cadzow, 1973). Periodic signals within a time series are obtained by
decomposing the time series into two parts, a real <{Fn(x)}, and an imaginary one ={Fn(x)}.
The imaginary part is used to determine the amplitude of peaks within a spectrum |Fn(x)|.
The power spectra of a DFT (Figure 3.1B) can be used to represent the cumulative magnitude
of a signal within a time series. When combined with Monte Carlo simulations, estimates for
the significances of peaks in a power spectrum can be determined.
To compute the DFT power spectra (DFTPS) in Chapter 3, a time series of N terms,
{(ti, xi)}Ni=1, was extracted at increments xi. The series was standardized to a variance of 1,
and then expressed as the sum of a series of sines and cosines through Fourier expansion. In
8its simplest form the DFT is denoted by Equation 2.4.
x(i) =
1
N
N−1∑
k=0
X(k)ej2piik/N , i = 0, 1, 2 . . . N − 1 (2.4)
where x(n) is the input time series at sample n, and j =
√−1 is the basis for complex
numbers. Many software packages have built-in libraries and routines for DFT analysis and
for producing DFTPS.
When it is necessary to report the significance of cycles, Monte Carlo (MC) simulations
can be used as null models to determine the statistical significance of peaks within a power
spectrum, because there are frequencies within the time series for which peaks could be the
result of random chance. MC trials are one way to decipher the significance of spectral peaks
from chance.
The two MC routines used as null models in Chapter 3 are random step and random
block. As opposed to purely theoretical simulations, the two MC methods used to simulate
the probability of occurrence of spectral peaks are based on different assumptions about the
cause of the periodicity. For random step trials, at each time increment ti, a data point xi
is randomly selected from the series and used to generate a permutation of the original se-
quence {(ti, xi)}Ni=1. This represents the null hypothesis that diversity is a random walk. It
is important to reject that variations in the time series are not best described by a random
walk for cases where the fundamental dynamics of a system are complex or poorly constrained.
For random block trials, the time series data are partitioned into 20 Myr blocks. At each
increment the blocks are randomized to obtain a random permutation of the original sequence.
This preserves some short term relationships between data points in the time series. Random
block MC trials represents the hypothesis that variation in the time series is independently
driven (i.e. directed), but with major random perturbations (extinctions).
9CHAPTER 3. THE SOURCES OF CYCLES IN PHANEROZOIC
BIODIVERSITY
Bjørn–Gustaf J. Brooks∗ 1, James L. Cornette† & Cinzia Cervato∗
∗Department of Geological & Atmospheric Sciences, Iowa State University, Ames, Iowa 50011
†Department of Mathematics, Iowa State University, Ames, Iowa 50011
Abstract
Recent papers have focused attention on a ∼62–million–year cycle in marine animal di-
versity over the Phanerozoic (the most recent 542 million years), leading some to propose
extragalactic causes. These studies were based on the same or similar queries of Phanero-
zoic biodiversity from J. John Sepkoski’s Compendium. Here we show, using two collections
extracted from the larger and more extensively annotated Paleobiology Database, that the
∼62 Myr cycle in marine biodiversity is present but only weakly significant in each collection
and is almost entirely the result of oscillations in the diversity of gastropods, bivalves, and
articulate brachiopods (GBA). A ∼62 Myr cycle also appears in the diversity of genera from
nearshore marine environments but not from genera from offshore environments. Another pre-
viously recognized ∼140 Myr cyclicity is persistent in most phylogenetic classes. We also find
that the growth in marine diversity during the most recent 100 million years in the Paleobiology
Database is no more than one-half that of the Sepkoski Compendium.
1Correspondence and requests for materials should be addressed to: Bjørn Brooks (email:
bjorn@climatemodeling.org).
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3.1 Introduction
The Sepkoski Compendium of Fossil Marine Animal Genera (Sepkoski, 2002) has been the
most extensive compilation of Phanerozoic fossil genera available and the common data source
for studies of diversity, origination and extinction for the Phanerozoic. The recently developed
and still developing Paleobiology Database (PD, 2008a) now provides the most extensive census
of fossil occurrences retrieved from their original publications, including 13,687 genera of the
Sepkoski Compendium. It is rigorously compiled and extensively annotated and has been used
to investigate systematic limitations (Alroy et al., 2001, 2008) and patterns within Phanerozoic
biodiversity (Kiessling, 2005; Madin et al., 2006; Wagner et al., 2006; Payne and Finnegan,
2007). Our focus is to use the Paleobiology Database to examine the significance and sources of
the previously reported (Rohde and Muller, 2005) 62 ± 3 and 140 ± 15 Myr biodiversity cycles.
Rohde and Muller (2005) selected 17,797 “well resolved” marine genera from the 36,380
genera in Sepkoski’s Compendium (Sepkoski, 2002), omitting as not well–resolved those that
were of uncertain age (given only at the epoch or period level) and those that occurred only once
in the Compendium. The Paleobiology Database (PD) includes more than 719,000 occurrences
throughout the entire fossil record of plants and animals, as of 29 January 2008. The age
boundaries in PD conform to a composite time scale based primarily on Gradstein et al.
(2004), and updated with the latest published correlations and boundaries.
3.2 Methods
Data Compilation. Fossil genus occurrence data, assembled from the literature using
the Paleobiology Database “full form” (http://paleodb.org) were used as a proxy of Phanero-
zoic biodiversity. Phanerozoic genus occurrences were compiled globally, and for each genus
occurrence we included fields describing their phylogenetic class, depositional environment,
maximum age, minimum age, and midpoint age (in millions of years). Suitable genus occur-
rences excluded open nomenclature genera (i.e. aff., cf., ex gr., etc.) and ichnofossils, which
resulted in 437,940 genus occurrences from which we selected those genera that appeared at
11
542 Ma or younger.
For each genus, G, we computed a broad age interval IG that is the smallest interval that
spans both the maximum and minimum ages of all of the occurrences for which the genus is
G and a narrow age interval JG that is the smallest interval that contains the midpoint age
for all occurrences in which the genus is G. If a genus G appears in only one occurrence,
JG consists of the single point that is the midpoint of that occurrence. For both collections,
we have computed diversity curves that include all genera that appear in the collection and
diversity curves that omit the genera that only appear once in PD (no single or ns). For any
protocol, a genus with age interval [a, b] is present at time t if a ≤ t < b or t ≤ a ≤ b < t+ 1,
for t = 1, · · · , 542.
G21663, the first of our two genera collections, consists of all 21,663 marine animal genera
in PD. G13687, the second, consists of the 13,687 genera in PD that are also in Sepkoski’s
Compendium. Although differences can be observed between the resulting diversity curves
(e.g. G21663, G21663 ns, G21663 broad), Fig. 3.1A, we demonstrate in Fig. 3.1B and in
the supplementary material (see Appendix) that the ∼62 and ∼140 Myr cyclicity of the four
types are essentially identical. Our primary focus is the diversity of G21663 using the nar-
row definition of age intervals and including all genera, even those that appear only once in PD.
Signal Detection. In order to detect cycles in Phanerozoic diversity, we used discrete
Fourier transform (DFT) signal analysis of biodiversity data that were detrended by a cubic
polynomial, as used in Rohde and Muller (2005). Cubic detrending is not a universal conven-
tion of spectral analysis, and it has been argued by applying Gauss–Van´ıcˇek (GV) analysis
without detrending that biodiversity cycles are not significantly obvious in the data (Omer-
bashich, 2006). Without detrending DFT also does not detect significant biodiversity cycles,
however, and with detrending both DFT and GV methods signal a significant ∼62 Myr biodi-
versity cycle (Cornette, 2007).
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Statistical Significance. We used Monte Carlo trials to determine the statistical signifi-
cances of the spectral peaks, as was done in Rohde and Muller (2005). For a peak of height h
at a frequency f , the significance of the peak is the fraction, p, of 10,000 randomly generated
sequences for which the spectrum at f exceeds h. We used both random step and random block
trials and report the significance as the larger of the fractions of the two trials. In random step
trials, the increments in the original data are randomly permuted and then accumulated to
obtain a random sequence representing the null hypothesis that diversity is a random walk. In
random block trials, the original data are partitioned into 19 blocks of length 27 and one block
of length 29. The blocks are randomly permuted to obtain a random sequence that preserves
some of the short term relationships between data points representing the null hypothesis that
biodiversity is independently driven with random major perturbations. For the ∼62 Myr peaks
the random block fraction was always larger than the random step fraction (Fig. 3.1D), and
was used to compute significances near this frequency. For peaks near 140 Myr the random
step fraction was always larger than the random block fraction, therefore random step was
used to compute significances near the 140 Myr frequency.
3.3 Results
Graphs of Rohde and Muller’s diversity computed from the Sepkoski Compendium and
three diversity curves derived from G21663 are shown in Fig. 3.1A. The blue curve shows
G21663 diversity using the narrow age intervals; the red graph is the diversity using the nar-
row age intervals but omitting the genera that occur only once in PD. The red graph lies along
the spine of the blue graph; the blue ‘spikes’ are due to the single occurrence genera in PD.
The graphs in Fig. 3.1A diverge at about 100 Ma, and the subsequent diversity increase in
the Sepkoski data is more than twice the diversity increase in the Paleobiology Database (see
also Alroy et al., 2008). Diversity curves of all marine genera in PD using broad age intervals
are compared with the Sepkoski data in Fig. 3.1C; marine animal diversity increase during the
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most recent 100 million years is still less than one–half that of the Sepkoski data. Only for the
broad definition of age intervals when terrestrial genera are included, and single occurrences
are counted is the diversity increase during the latest 100 Myr of PD data close to, but is still
less than, that of the Sepkoski data.
All of the diversity curves computed from PD decrease during the most recent 10 Myr, as
do specifically those shown in Fig. 3.1. We have tested this in various ways, including partic-
ularly using the broad age intervals, and the decrease is a feature of all of the curves we have
computed.
The discrete Fourier transforms of the four diversity curves shown in Fig. 3.1A derived from
G21663 and detrended by a cubic are shown in Fig. 3.1B. The 62 Myr peak in the Sepkoski
diversity greatly exceeds all of the 62 Myr peaks computed from PD. The spectrum of G21663
diversity computed using the narrow age intervals is essentially covered by the spectrum of
diversity computed using the narrow age intervals and omitting the genera that occur only
once in PD.
The spectrum of G21663 using the narrow age intervals is repeated in Fig. 3.1D along
with the averages of 10,000 Monte Carlo random step and random block trials. The peak at
61.2 Myr (p = 0.203) is insignificant, however the peak at 136.3 Myr (p = 0.085) is possibly
significant. Significances of various peaks appear in Table 3.1 and in the Appendix.
The 62 Myr peak found by Rohde and Muller (2005) in their selection from the Sepkoski
Compendium is highly significant (p < 0.0004) and our signal at 61.2 Myr is insignificant
(p = 0.203). Rohde and Muller (2005) report a peak at 140 ± 15 Myr of significance only
(p = 0.12) and our peak at 136.3 Myr has significance (p = 0.085). To explore these differences
we examined both phylogenetic and environmental categories.
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Within G21663, 6,049 genera are annotated in one of the classes Gastropoda, Bivalvia, or
Articulata, 10,732 are annotated in a class other than these three, and 4,882 have no class
annotation. The spectrum of the diversity of Gastropoda, Bivalvia, Articulata, (GBA) shown
in Fig. 3.2D has two significant peaks, a peak at 62.2 Myr (p = 0.028) and a peak at 125.6 Myr
(p = 0.018). The closest to a ∼62 Myr peak in the spectrum of the 10,732 non–Gastropoda,
non–Bivalvia, and non–Articulata is a trivial peak at 59.8 Myr (p = 0.534). The spectrum of
the full complement of GBA in G21663 (consisting of NonGBA and those with no phylogenetic
class, 21, 663− 6, 049 = 15, 614 genera) also has no significant ∼62 Myr peak, the closest being
at 60.0 Myr (p = 0.453). The periodicity of the residuals of GBA diversity detrended by a
cubic is displayed in Fig. 3.3 along with a sine function of period 62.2 Myr with phase adjusted
to fit the diversity residuals.
The Paleobiology Database also annotates the depositional environment of its genus occur-
rences. For genera that occurred in multiple environments, we assumed each represented the
environment in which it was most frequently reported. The data lists 39 marine depositional
environments. We clustered these into four categories and found a distribution of G21663 into
5,018 Nearshore, 3,876 Offshore/Deep, 2,993 Marginal Marine, 9,715 Indeterminate Marine,
and 61 unassigned genera whose environment did not correspond exclusively to any category.
There is a strong contrast in ∼62 Myr cyclicity between Nearshore and Offshore/Deep, the
spectra of which are shown in Fig. 3.2B. The spectrum of the Nearshore genera has a peak at
63.3 Myr with significance (p = 0.049) whereas the closest to a ∼62 Myr peak in the spectrum
of the Offshore/Deep genera occurs at 58.3 Myr and is insignificant (p = 0.549). This strong
contrast could be driven by the phylogenetic cluster GBA, as they comprise 1,567 (38%) of the
Nearshore genera but only 841 (26%) of the Offshore/Deep genera. This environmental con-
trast also emerges in G13687, which has similar proportions of GBA genera in Nearshore (38%)
and Offshore/Deep environments (27%). The spectrum of the full complement of Nearshore
in G21663 (21, 663− 5, 018 = 16, 645 genera) also has no significant ∼62 Myr peak, the closest
being at 60.5 Myr with a significance of (p = 0.372).
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The spectrum of the diversity of G13687, the genera in the Sepkoski Compendium that are
included in PD, has no significant peaks. There is a peak at 61.0 Myr (p = 0.224) and a peak
at 138.3 Myr (p = 0.154). Among the Gastropoda, Bivalvia, and Articulata within G13687,
however, there are strong peaks at 62.4 Myr (p = 0.034) and at 124.4 Myr (p = 0.023), and
there are no significant peaks among the genera in classes other than Gastropoda, Bivalvia,
and Articulata. In Nearshore genera the spectrum has peaks at 63.0 Myr (p = 0.025) and at
132.7 Myr (p = 0.066).
In both collections, G21663, and G13687, the spectrum of the total dataset has insignif-
icant peaks near ∼62 Myr, with significances (p = 0.203), and (p = 0.224), respectively (Ta-
ble 3.1). When restricted to Gastropoda, Bivalvia, and Articulata, however, significant peaks
near 62 Myr emerge in both collections, (p = 0.028), and (p = 0.034), respectively. Thus
we suggest that Gastropoda, Bivalvia, and Articulata may be crucial in examining ∼62 Myr
periodicity. Furthermore, ∼62 Myr periodicity is significant among Nearshore genera in both
G21663 (p = 0.049), and G13687 (p = 0.025). Nearshore should also be considered when
asking whether there is ∼62 Myr periodicity, although it may be subsumed by Gastropoda,
Bivalvia, and Articulata.
Peaks at ∼140 Myr appear in the spectra of G21663 and G13687 with periods 136.3
(p = 0.085) and 138.3 (p = 0.154), respectively. Furthermore when restricted to Gastropoda,
Bivalvia, and Articulata peaks at 125.6 (p = 0.018), and 124.4 (p = 0.023) emerge in G21663,
and G13687, respectively.
3.4 Discussion
Cycles in Phanerozoic biodiversity have several possible causes. A previous analysis of oxy-
gen and strontium isotopes from marine sediments (Veizer et al., 1999) suggested the presence
of a ∼135 Myr oscillation in the δ18O composition of Phanerozoic seawater, the apexes of which
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were noticed to coincide with cooling episodes and extensive glaciation (Veizer et al., 2000).
One possibility is that such recurrent environmental events could be a forcing for the diver-
sity of, the preservation of, or particularly the ability of mollusks to form their shells (Wilbur
and Jodrey, 1955). Fluctuations in atmospheric or oceanic composition could also affect or-
ganisms that depend on constrained pH ranges to build their shells (Hoegh-Guldberg et al.,
2007). Medvedev and Melott (2007) proposed a different forcing for biodiversity cycles by
showing a statistically significant agreement between the period, magnitude, and phase of
Phanerozoic biodiversity cycles and excursions of the solar system through the galactic plane
and its interaction with cosmic ray flux.
The ∼62 Myr cycle in Phanerozoic biodiversity that appears in collections of PD genera is
not the result of oscillations in all phylogenetic groups, but is indicated to be a strong facet of
gastropod, bivalve, and articulate brachiopod genera, which comprise about a third of fossil
marine genera in our dataset. However, the robustness of this cycle is only as strong as the
coverage of genera extracted from PD, inasmuch as they represent Phanerozoic biodiversity
overall. Because the coverage of fossil occurrences from the Paleobiology Database differs from
Sepkoski’s Compendium several additional tests were performed to explore how such differ-
ences may affect the ∼62 Myr cycle.
Our PD dataset contained 5,598 fewer genera than Sepkoski’s Compendium. Only by
grouping the PD genera into GBA and nearshore collections were we able to reproduce the
∼62 Myr cycle found by Rohde and Muller (2005). We explored this contrast in two ways: by
examining the effect of the longevity of genera in the collection (as did Rohde and Muller),and
by examining the impact of occurrences with different age resolutions.
Rohde and Muller (2005) examined the importance of shorter–lived genera on the ∼62 Myr
cycle by excluding longer-lived genera, those genera for which originationage−extinctionage >
45 Myr, which improved the significance of the ∼62 Myr cycle. Similarly, the significance of the
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∼62 Myr cycle in PD collection GBA21663 is also improved by removing longer-lived genera
(Table 3.1.
Rohde and Muller (2005) did not specifically examine the impact of age resolution but
they did exclude from their dataset genera annotated by uncertain ages “given only at epoch
or period level”. We simulated and broadened this approach using the PD age error an-
notations (ma max and ma min) that specify the uncertainty associated with the age of each
observation. Table 3.2 shows three subsets of GBA distinguished by age error. The first
collection GBA21663-20 was limited to GBA21663 genera for which each occurrence used to
form the genus ranges had an age error less than 20 Myr (i.e. for a genus G, ma max −
ma min < 20 Myr). GBA21663-15 and GBA21663-10 similarly excluded occurrences with
criteria of 15 Myr and 10 Myr. The significance of the ∼62 Myr cycle was slightly impacted
by age error restrictions in GBA21663-20 and GBA21663-15, but significance was strongly
reduced in collection GBA21663-10. The significance of the ∼62 Myr cycle is also reduced
in the collection GBA21663C for which each genus G is annotated by an age uncertainty
ma max −ma min > 10 Myr. It is not clear that the ∼62 Myr signal can be tied to genera
with larger age errors.
The collection of PD datasets in this study show rates of extinction and recovery that differ
to Sepkoski’s Compendium. Extinction in PD curves are more gradual (Figure 3.1), especially
for Late Ordovician, and Silurian-Devonian. We tested the effect of different interpretations
of diversity by creating narrow and broad selections. The topology of extinction events in
G21663 broad is nearer to that of Rohde and Muller, which suggests that a broad range in-
terpretation of diversity is important to the perceived rate of extinction and recovery. Note
however that the broad selection (Figure 3.1) still does not show a ∼62 Myr periodicity that
matches that of Rohde and Muller (2005).
A final difference between our PD collections and Sepkoski’s Compendium is the drop
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in PD diversity curves over the most recent 10 Ma, which does not occur in Sepkoski’s Com-
pendium. This contrast could be related to a lack of annotation in our PD collections of extant
genera. Sepkoski (2002) made a particular effort to report extant taxa in his Compendium,
however only 126 genera from our dataset were annotated as extant.
Several studies have made the case that significant fractions of biodiversity variance are
the result of rock exposure bias (Sepkoski, 1976; Peters and Foote, 2001; Smith and McGowan,
2005), especially when considering shorter intervals over which interpolated biodiversity does
not work well. Although we cannot preclude geologic overtones as important factors to oscil-
lations in the biodiversity of all marine organisms, rock exposure bias alone does not explain
why three phylogenetic classes should be the source of the ∼62 Myr cyclicity in our dataset.
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Table 3.1 The significances of the ∼62 Myr and ∼140 Myr spectral peaks
of the diversities of the three complete classes and the diversities
restricted to Gastropoda, Bivalvia, and Articulata (GBA) and
restricted to Nearshore.
Collection Period Significance Period Significance
G21663 61.2 0.203 136.3 0.085
GBA 62.2 0.028 125.6 0.018
GBA∗ 63.8 0.018 134.3 0.087
Nearshore 63.3 0.049 133.2 0.054
G13687 61.0 0.224 138.3 0.154
GBA 62.4 0.034 124.4 0.023
Nearshore 63.0 0.025 132.7 0.066
∗ Subset of short-lived (< 45 Myr) GBA
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Table 3.2 The significance of cycles in collections with increasing time
resolution limitations, all drawn from GBA21663. Subset
GBA21663-10C is the converse of GBA21663-10 representing
those genera with age errors greater than 10 Myr.
Collection Age Err. Period Significance Period Significance
(Myr) (Myr) (Myr)
GBA21663-20 < 20 62.4 0.046 125.5 0.014
GBA21663-15 < 15 62.4 0.124 127.8 0.014
GBA21663-10 < 10 62.8 0.475 126.8 0.000
GBA21663-10C > 10 61.0 0.044 122.0 0.222
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Figure 3.1 Marine diversity and Fourier spectra: A. Marine animal diver-
sity of G21663 (blue), of G21663 ns that excludes those genera
that only occur once in PD (red), using narrow age intervals,
and G21663 broad using the broad age intervals (green), and
marine animal diversity extracted by Rohde and Muller (2005)
from the Sepkoski Compendium (black). B. Fourier spectra
of the diversities shown in A. The spectrum of G21663 (blue)
is almost covered by the spectrum of G21663 ns (red), and is
repeated in D. The spectrum of the Rohde and Muller diver-
sity was computed after interpolation of the diversity at 1 mil-
lion year intervals. C. Marine diversity of all marine genera
in PD (magenta) and all animals in PD (cyan) using broad
age intervals, and marine animal diversity extracted by Rohde
and Muller (2005) from the Sepkoski Compendium (black). D.
Fourier power spectrum of G21663 (narrow age intervals) re-
peated from B. (and is almost covered in B. by the red spec-
trum) and the averages of the spectra of 10,000 random step
(red) and random block (green) Monte Carlo trials.
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Figure 3.2 A. Diversity by depositional environment: Diversities of genera
in nearshore environment (green) and offshore/deep environ-
ments (black) among the genera in G21663. B. The spectra
of those diversities. In both sets of curves there is a strong
contrast between the green and black signals at 62 Myr. The
vertical gray bands locate the frequencies [1/155 1/125] and
[1/65 1/59] corresponding to the 140 ± 15 Myr and 62 ± 3
Myr frequencies that Rohde and Muller found to be important.
C. Diversity by phylogenetic class: Diversities of genera in Gas-
tropoda, Bivalvia, and Articulata (green), and in classes other
than these three among the genera in G21663 (black). D. The
spectra of those diversities.
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Figure 3.3 The residuals of the diversity of GBA after detrending by a
cubic (blue) and the sine function of frequency 62.2 Myr with
phase adjusted to match that graph (red). Both graphs have
variance equal to 1.
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CHAPTER 4. HABITAT AND TECTONIC CONTROLS OF MARINE
BIOGEOGRAPHY
Bjørn–Gustaf J. Brooks∗ 1 & Cinzia Cervato∗
∗Department of Geological & Atmospheric Sciences, Iowa State University, Ames, Iowa 50011
Abstract
The dominant paradigm in the Earth sciences regarding biodiversity has been that abiotic
forces such as orbital variations, bolide impacts, and volcanism, among others, are the primary
drivers of extinction and biodiversification. By describing several instances when enhanced tec-
tonism and biodiversity hotspots coincided, a recent study of fossil foraminifera suggests that
over the past 50 million years (Myr) the predominant driver of biodiversity has been plate tec-
tonics. This hypothesis is disputable via evidence assembled from large paleo-datasets, which
provide a base for examining historical biogeography and for investigating ecosystem interac-
tions on various scales through time. We examined the relationship between biogeography and
plate tectonics by examining alpha and beta diversity components of 46 phylogenetic classes
of fossilized marine animal genera covering the past 57 Myr and compared results between
two marine regions that have experienced phases of tectonic activity and one which has not.
Results between tectonic settings contrast and imply that tectonism alone scarcely explains the
observed biogeographic patterns within this dataset, particularly in passive tectonic settings.
Other paleoecosystem parameters were tested in order to identify unique habitat types using a
multivariate k-means clustering technique. The alpha diversity across grid cell assemblages of
1Correspondence and requests for materials should be addressed to: Bjørn Brooks (email:
bjorn@climatemodeling.org).
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fossils from all tectonic settings was significantly correlated to the number of (k-means) habitat
types. These results indicate that although alpha diversity peaks may roughly coincide with
pronounced tectonic activity for some regions and tectonic events, the most robust predictor
of alpha diversity across all regions is the diversity of habitat types.
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4.1 Introduction
The controls of biodiversity today and throughout Earth history are an important theme
to much of biology and geology. A recent study of the biodiversity of marine microorgan-
isms spanning the past 50 Myr (million years) has revisited an important topic concerning
the influence of plate tectonics on biodiversity (Renema et al., 2008). By examining the alpha
diversity component of benthic foraminifera throughout Europe, Asia and Australia, Renema
et al. (2008) observed paleodiversity to be greatest in areas and in times of significant tec-
tonic activity. The most conclusive study of this topic was published more than two decades
earlier by Whitmore (1982) who showed that the exceptional present day biodiversity of the
Malay Archipelago is best explained as the consequence of tectonic convergence between Asian
ecosystems and those from the Australian plate. The hypothesis that plate movement can
increase biodiversity had been around for more than a century before Whitmore, and can be
traced back through the discovery of Wallace’s Line (Wallace, 1860) and Lydekker’s Line.
While investigating the geographical distribution of birds and other species in the the
Malay Archipelago, one of the most diverse regions on Earth, Wallace (1860) observed the
sharp zoogeographical boundary between the predominantly Asian and Australian faunas and
alluded to a possible continental plate explanation for the boundary and the exceptional bio-
diversity of the region. Renema et al. (2008) used an extensive collection of foraminifera data
from drill cores to show that diverse assemblages of forams have coincided with tectonically
active regions in the past and that they represent biodiversity hotspots and perhaps cradles of
biodiversification (the “hopping hotspot” hypothesis).
Of the various ideas proposed for what has controlled biodiversity throughout Earth his-
tory many have favored deterministic events (e.g. Rampino and Stothers, 1988; Renne et al.,
1995). On the other hand, factors including coexistence, immigration, and resource gradients
have received much less coverage, in part because these factors are more difficult to quantify
through fossil evidence. Fossil datasets today however, provide information sufficient to test
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for other drivers of biodiversity and biogeography.
This study investigates the relative contribution of different ecosystem factors on biogeog-
raphy. To do so several diversity indices were compared between surface area standardized grid
cells from tectonically active and passive regions. This collection of grid cells spans the most
recent 57 Myr, a period over which the continents have occupied roughly the same present day
latitudes and the fossil record is particularly well preserved. Ecosystem factors such as water
depth were parameterized from the lithologic annotations of each fossil occurrence and a k-
means algorithm was used to designate habitat types and to compare patch structure between
grid cells.
4.2 Methods
Extant communities can have spatially open configurations in which the inhabitants of one
community can extend into neighboring communities (Whittaker, 1972). In order to avoid
confounding the analysis with such extant communities and to examine long term relation-
ships between biodiversity and tectonism, diversity measures are expressed per grid cell. We
define an assemblage grid cell as the collection of marine fossil occurrences per 10,000 km2.
The diversity measures are first computed for each grid cell (1◦ longitude × 1◦ latitude) and
then normalized to a standard grid cell surface area assuming a spherical Earth. Each non-
empty grid cell contains one or more co-occurring fossil observations, which contribute to its
alpha and beta diversity. As in extant ecosystems, grid cells may consist of multiple habitat
types, within which many of the activities of these marine populations take place. The litho-
logical annotations of each fossil occurrence were used to assign each to a habitat type using
a multivariate statistical clustering method. Source pool diversity and connectivity were also
calculated for the neighborhood of each grid cell (Appendix). Statistical properties of these
indexes were analyzed regionally and through time.
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4.2.1 Paleobiology Database
Our data were derived from the Paleobiology Database (http://www.paleodb.org, PD,
2008b), one of the most extensively annotated compilations of fossil occurrences to date (Alroy
et al., 2008). We focused our analysis on the most recent 57 Myr of these data, which contain
many of the best preserved and most detailed specimens of the fossil record. These 83,213
occurrences represent 8,821 published articles and include 5,852 genera and 42 phylogenetic
classes of marine organisms. Of the 77,820 phylogenetically annotated occurrences, 62,689
(81%) occurrences or 2,279 (51%) of the 4,429 genera belong to the phylogenetic classes Bi-
valvia or Gastropoda (Table 4.1) indicating that mollusks are particularly well represented in
the PD (see Crame, 2009).
Each occurrence downloaded from the PD is annotated with an environment of deposition
and several fields describing lithology. We converted these observations from categories to
numerical values using the PD’s data entry criteria (PD, 2008b). For example, the depositional
environment “foreshore” in the PD is reserved for occurrences with reported lithologies that are
indicative of the intertidal zone between high and low tide. The mean of that range (zero) was
taken to be the water depth for such an observation, as it was either submerged or emergent
depending on the tide. Thus, for each of the 421 environmental and lithological combinations
in our downloaded data, we have designated values for water depth and the percentage of sand,
silt, clay, and lime mud (Appendix). The values of water depth, sand, silt, clay, and lime mud
were used as environmental characteristics to define the hyperspace volume for each habitat
type within its landscape using cluster analysis.
4.2.2 Habitat type determination
In order to simplify exposition and computations of the data, a multivariate statistical
cluster analysis technique, based on the k-means procedure of Hartigan (1975), was employed
to identify unique habitat types, following the method used for ecoregionalization by Hargrove
and Hoffman (2004). An improved version of a parallel clustering algorithm, developed by Hoff-
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man and Hargrove (1999), was run on a high performance cluster computer. The clustering
procedure consists of two parts: initial centroid or seed determination and iterative clustering
of observations (fossil occurrences) until convergence is reached. Initial centroids (seeds), one
for each of the k clusters, were selected at random from the fossil occurrence data. In the
iterative clustering algorithm, fossil occurrence records are assigned to the nearest centroid,
by Euclidean distance, in the m-dimensional phase space formed from the m environmental
characteristics included in the analysis. Once all records are assigned to a centroid, the cen-
troid locations in this phase space are recomputed as the mean of the observations assigned to
that centroid. This process repeats until only a small number of observations are assigned to
a different cluster between iterations. For this study, the convergence criteria was 0.5% of the
n fossil occurrence records.
Since the number of clusters, k, is chosen a priori by the user, a series of clustering trials,
with k = 5, 10, 20, 40, 60, . . . , 320, were performed to determine a reasonable level of division
for the data. Fig. 4.1 shows a scree plot of the mean Euclidean variance for clusters at different
levels of division. Around k = 40 this mean variance is reasonably small while the number
of clusters is not too large to analyze. Therefore, the results presented here will be primarily
for k = 40. Because clustering results can also be somewhat sensitive to the selection of
initial centroids (seeds), a number of clustering trials were performed with different random
seeds. Statistical correlations were consistent across the trials, so the results presented are not
sensitive to the starting seeds (Supplementary Material). Table 4.2 shows example results of
the clustering procedure.
4.2.3 Alpha and beta diversity
We used two primary measures of biodiversity: alpha diversity, the normalized diversity of
fossil genera within one grid cell, and Whittaker’s beta diversity, the generic difference between
two grid cells (Whittaker, 1972). Beta diversity is calculated as Gc
G
− 1, where Gc is the total
diversity of genera in the composite of two grid cells and G is the mean diversity of genera
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from both grid cells. Empty grid cells, those without fossil occurrences, were excluded. For
any grid cell assemblage, Ai, that touched only one occupied neighboring grid cell, N = 1, the
calculation of beta diversity was exactly as described above. For any Ai where 2 ≤ N ≤ 8,
beta diversity was calculated as the mean of all betas in the neighborhood (Appendix). To
complete the neighborhood for grid cells located at geographical edges (e.g., longitude 179◦W
to 180◦W), we wrapped these neighborhoods to include grid cells at the opposite geographic
extreme (e.g., longitude 180◦E to 179◦E). No occupied grid cells in our dataset appeared at
latitudes above 89◦ north or south, therefore it was not necessary to wrap over the poles.
4.2.4 Source pool diversity and connectivity
For the neighborhood of each grid cell we measured two additional indexes: source pool
diversity and connectivity. Source pool diversity is equivalent to the total alpha diversity of
the neighborhood excluding the grid cell of interest. Connectivity is the proportion of occupied
adjacent grid cells. We express this as a ratio between 0 and 1, with 1 being a neighborhood
in which each of the 8 neighboring grid cells is occupied by at least one fossil observation.
4.3 Results
A time series of diversity indices for three regions, both active and passive, is presented in
Table 4.3, and shows that alpha diversity peaked in Europe (cf. Mediterranean Eocene hotspot
in Renema et al., 2008) during an Eocene collision between Africa and Europe and the orogeny
of the Pyrenees (Burbank et al., 1992; Verge´s et al., 2002). Japan, which has been more or less
tectonically active throughout the past 50 Myr (cf. Hall, 2002), peaked in alpha diversity during
the late Miocene. Data from other tectonically active regions, including the Indo–Australian
Archipelago, are not reported in Table 4.3 because they are not well represented in our dataset.
Among all regions in our dataset eastern North America was the most diverse, even though
marine animals from these grid cells existed along a passive continental margin (Fig. 4.2A-C).
The average alpha diversity per grid cell in eastern North America during the past 57 Myr
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was 64.6, ahead of Europe (α = 41.3), and Japan (α = 27.6). Beta diversity measurements
indicate that the diversity of the average eastern North American grid cell was more distinct
(β = 0.76), than in Europe (β = 0.60), or Japan (β = 0.64).
When all 1,564 globally distributed grid cells were considered correlation tests between
diversity indices indicated that the the two most related factors were the diversity of k-means
habitat types and alpha diversity (r = 0.857, see Fig. 4.3A). Because the diversity of habitat
types represents a clustering of multiple parameters, correlations to the constituent parame-
ters were also tested. Insignificant correlations occurred among all such parameters including
alpha diversity, water depth, percent sand, silt, clay, and lime mud (see Table 4.4). The beta
diversity component shows essentially no correlation to other parameters, the strongest being
a negative correlation to the number of habitat types (r = −0.312).
The robustness of the habitat type–alpha diversity correlation was tested against two null
models. The first null model was used to decipher our method of clustering from random
chance, by assuming that habitat type correlations could be the result of analytical chance
introduced by our clustering algorithm. We performed 100 random seed cluster trials, each
of which started with a different collection of k seed centroids. The data were then analyzed
as described above, and correlated. The correlations from the 100 random trials were quite
similar, ranging from r = 0.827 to 0.839. The total range of correlations across all 100 trials
varied by less than 2% (0.012), with a standard deviation of 0.004. The 2% range in correlation
values is small enough to reject this null hypothesis and to affirm that our k-means cluster
assignment protocol is rather insensitive to variation in starting seed values.
The second null model assumed the diversity of any grid cell was merely the result of source
pool effects, meaning that the alpha diversity of a grid cell should be related to the diversity of
its source pool (neighborhood). We measured source pool diversity for each grid cell and tested
the correlation between alpha diversity and source pool diversity. The alpha correlation was
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weak (r = 0.358), and indicates that the diversity of the average grid cell was independent of
its surrounding neighborhood. Therefore, the habitat(s) of each grid cell were not necessarily
bound by trends of the neighborhood. This null hypothesis suggests that grid cells did not all
respond in the same way to large scale, shared environmental forcings.
4.4 Discussion
Differences in diversity measures among different tectonic settings are an important test for
the hopping hotspot hypothesis. Despite being far removed from plate boundaries, grid cells
from eastern North America were the most diverse. Grid cells in Europe and Japan that were
proximal to plate boundaries were relatively less diverse. On the other hand, both Europe
and Japan appeared to peak in their alpha diversities roughly during epochs of noted tectonic
activity (Burbank et al., 1992; Takahashi & Saito, 1997; Hall, 2002; Verge´s et al., 2002)– the
Eocene for Europe, and the Miocene for Japan. This could be interpreted as a general indi-
cation that tectonic activity may in fact promote biodiversification in regions, but not that
tectonism will lead to the highest biodiversity among regions.
The hopping hotspot hypothesis contends that tectonic activity is responsible for gener-
ating biodiversity hotspots, and in the process implies that tectonically passive areas cannot
maintain biodiversity levels as high as tectonically active areas. Modern ecologic theory con-
tends that community processes and the struggle of individuals at the ecological moment are
what structure the membership of ecological communities. The hopping hotspot hypothesis
does little to explain through what events and in what ways biodiversity would respond. Plate
tectonics has both large scale (mesoscale) and small scale (community) influence on biogeog-
raphy through a variety of tectonic events. For example mild disturbance, such as periodic
eruptions or forest fires, would provide for the often observed effect of increasing biodiversity,
as is observed in successional forests subject to wildfire. By contrast, extreme but infrequent
events, such as those proposed in Gould (1985), would have catastrophic impacts that would
temporarily override the typical selective pressures. A challenge for the hopping hotspot hy-
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pothesis would be to explain why disturbance (or other effects) produced by tectonism better
agents of biodiversification than fires, hurricanes, or other events that are common in tectoni-
cally passive areas.
Our data are based on 83,213 fossil occurrences that were partitioned into 1,564 spatially
equivalent grid cells, which spanned the most recent 57 Myr. These data indicate that the
most robust predictor of alpha diversity in both passive and active tectonic settings is the
number of habitat types (r = 0.857). This evidence is consistent with modern ecological obser-
vations that species specialize and diversify by partitioning themselves along resource gradients.
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Table 4.1 Data composition. Generic abundances of select phylogenetic
classes, total genera, and the number of habitat types within
each sub-epoch are listed. Epoch and sub-epoch ages correspond
to the ages of their base.
Time Duration Bivalve Gastropod Total Habitat
Interval (Ma) (Myr) Genera Genera Genera Patches
Holocene 0.01 0.01 147 183 437 15
Pleistocene 2.6 2.59 342 513 1450 29
Pliocene 5.3 2.7 345 510 1632 28
late Miocene 11.6 6.3 360 493 1400 33
middle Miocene 16.0 4.4 378 489 1702 33
early Miocene 23.0 7.0 353 572 1486 32
late Oligocene 28.4 5.4 200 232 733 30
early Oligocene 33.9 5.5 224 326 793 25
late Eocene 40.4 6.5 273 457 1423 34
middle Eocene 48.6 8.2 264 401 1332 32
early Eocene 55.8 7.2 161 249 762 19
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Table 4.2 k-means habitat type assignment. Given the PD’s lithologi-
cal data we accordingly assigned each observation to one of
forty habitat types using k-means clustering (see also Appendix).
“int.” indicates interdistributary and “sst” indicates sandstone.
Observation
Depositional Depth Primary & Sec- Sand Silt Clay Hab.
Environment (m) ondary Lithology (%) (%) (%) Assgn.
C. pygmaea offshore 200 siltstone only 0.0 83.3 16.7 27
C. pygmaea offshore 200 shale only 0.0 33.0 67.0 38
E. ovatus shoreface 15 sandstone only 100.0 0.0 0.0 16
G. vulcanica int. bay1 0 mudstone & sst2 28.8 35.6 35.6 35
37
Table 4.3 Local diversity by region. Mean abundances per grid cell
(10,000 km2) for alpha, beta, habitat type, source pool diversity,
and connectivity are given for each sampling interval. Asterisks
indicate peak values, except for early Eocene European beta di-
versity, which was a local peak.
α- β- Habitat Source
Interval Region Div. Div. Types Pool Div. Connectivity
Holocene
E. N.Am. 40.1 0.00 2.2 1.0 0.00
Europe 52.9 0.00 6.3 1.2 0.00
Japan 4.3 0.67 1.3 1.9 0.08
Pleistocene
E. N.Am. 77.8 0.83 5.0 208.0 0.40
Europe 21.0 0.52 2.3 30.5 0.16
Japan 16.1 0.75 2.2 16.5 0.14
Pliocene
E. N.Am. 75.3 0.77 4.5 202.3 0.35
Europe 22.0 0.72 3.1 30.0 0.14
Japan 26.2 0.70 3.3 26.7 0.12
late Miocene
E. N.Am. 50.2 0.89 5.1 85.9 0.21
Europe 26.7 0.73 2.8 50.9 0.19
Japan 50.8∗ 0.72 4.7∗ 94.6 0.21
middle Miocene
E. N.Am. 69.3 0.56 4.8 90.4 0.11
Europe 48.0 0.67 4.5 102.3 0.23
Japan 27.9 0.84∗ 2.8 43.5 0.20
early Miocene
E. N.Am. 81.2∗ 0.88 5.8∗ 153.2 0.30
Europe 45.0 0.48 3.7 30.6 0.10
Japan 14.3 0.58 2.7 12.1 0.11
late Oligocene
E. N.Am. 12.0 0.22 2.9 1.8 0.03
Europe 42.8 0.24 5.1 9.0 0.04
Japan 27.6 0.62 4.9 23.8 0.12
early Oligocene
E. N.Am. 73.0 0.72 4.7 131.6 0.30
Europe 45.1 0.46 4.0 4.9 0.09
Japan 38.1 0.12 2.5 9.3 0.02
late Eocene
E. N.Am. 61.0 0.80 4.7 127.6 0.21
Europe 70.4∗ 0.55 7.0∗ 94.5 0.12
Japan 18.5 0.57 3.4 21.4 0.10
middle Eocene
E. N.Am. 58.0 0.85 5.2 90.6 0.23
Europe 61.4 0.55 4.5 126.9 0.16
Japan 36.5 0.65 4.0 47.2 0.22
early Eocene
E. N.Am. 33.5 0.80 6.6 48.2 0.22
Europe 41.4 0.66∗ 4.0 106.0 0.26
Japan 22.8 0.00 1.1 1.1 0.00
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Table 4.4 Correlations. Each column lists the Pearson correlation (r) for
alpha and beta diversity to other ecosystem factors.
Parameter α β.
Hab. Type Div. 0.857 -0.312
Connectivity 0.310 0.294
Mean Depth -0.036∗ 0.022∗
Depth Range 0.573 -0.181
Mean Sand Pct. 0.182 0.033∗
Mean Silt Pct. 0.190 -0.087∗
Mean Clay Pct. 0.142 -0.102∗
Mean Lime Mud Pct. 0.132 -0.073∗
∗ Non-significant correlation (P > 0.001, two-tailed test)
39
 0
 1
 2
 3
 4
 5
 6
 0  20  40  60  80  100 120 140 160 180 200 220 240 260 280 300 320
Eu
cl
id
ia
n 
Va
ria
nc
e
Number of Clusters (k)
 0
 0.5
 1
 0  20  40  60  80  100 120 140 160 180 200 220 240 260 280 300 320
Be
ta
 D
iv
er
si
ty
 B
et
we
en
 C
lu
st
er
s
Number of Clusters (k)
BA
Figure 4.1 Cluster selection and variance across clusters. A. Scree plot
of the Euclidean variance across cluster centroids. The red
whiskers show that the total variance diminishes with increas-
ing numbers of clusters, while the mean variance among the
cluster centroids, indicated by the black dot, approaches zero.
B. Blue whiskers and black dots indicate that as the number
of clusters increases, the mean beta diversity (difference) and
its variance increase– clusters become more specific, and thus
more different.
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BA
C
Figure 4.2 Total alpha diversity by region (57Ma–present). The alpha di-
versity of grid cells are indicated by the colors plotted on the
map. Hot colors (red) correspond to high alpha diversity. North
America (A.) contrasts strongly to Europe (B.) and Japan (C.).
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Figure 4.3 A. Scatter plot of alpha diversity and the diversity of k-means
habitat types (r = 0.857). B. Global diversity landscape map.
The alpha diversity of the entire globe for the most recent 57
Myr is given by amplitude along the z-axis, and the fourth
dimension of habitat type diversity is given by the color of
the peaks. Notice that most tall peaks are also hot colors,
which highlights the linear relationship between alpha and habi-
tat type diversity. Longitude ranges from 0◦ (180◦W) to 360◦
(180◦E), and latitude from 0◦ (90◦S) 180◦ (90◦N).
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APPENDIX A. Supporting information for: Chapter 3
This appendix elaborates on two important aspects of the main paper. First we present
details of our data not covered in the main paper including methods for the selection of ages
for genera from the Paleobiology Database (PD, 2008a), the dip in PD diversity near the
present day, and an extended set of spectra of the diversities and significances of their peaks,
including diversities that exclude single occurrences in PD. We also provide instructions and
a bash executable file for precisely replicating all of our methods, which may serve as a useful
template for generating time series fossil diversity data from the original fossil occurrences.
Data and Graphs
We compute diversity curves from the Paleobiology Database (PD, 2008a), which annotates
all collected occurrences with fields that describe the phylogeny and geologic setting of each
fossil occurrence. PD is updated with the latest published taxonomy and dates and includes
dozens of other metadata fields related to geochronology, stratigraphy, lithology, sedimentology
and paleobiology.
We followed four steps in developing time series diversity data from PD.
1. Download a set of fossil occurrences from PD (www.paleodb.org) to obtain a comma-
separated value (.csv) file, S, each row of which reports a single genus occurrence. All
of our data exclude open nomenclature genera (i.e. those designated by aff., cf., ex gr.,
sensu lato, “?” etc.). The headings on the fields of S should include at least
(a) occurrence.class name
(b) occurrence.genus name
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(c) collections.ma max (maximum age in millions of years)
(d) collections.ma min (minimum age in millions of years)
(e) collections.ma mid (average of ma max and ma min)
(f) collections.environment
2. For each genus, G, that appears in S, develop a list GL of all ages at which G is found
in S. We developed lists GL in two ways:
(a) Narrow. Include in GL ma mid from every occurrence in PD in which G is the
genus name.
(b) Broad. Include in GL both ma max and ma min from every occurrence in PD in
which G is the genus name.
3. For each genus G select the largest number b in GL and the least number a in GL to
form the age interval G[a, b].
4. For integers t from 1 to 542, count the number, D(t), of genera G for which GL = [a, b]
has the property that a ≤ t < b or t ≤ a ≤ b < t+ 1. Then D(t) is the diversity at age t.
The Narrow lists are the basis of our analysis. Our reasoning is that ma max and ma min
give bounds on the age of the occurrence and ma mid is the best estimate of that age. An
alternate interpretation, consistent with the Broad list, is that for an occurrence, specimens of
the genus of that occurrence are found throughout a layer with lower boundary ma max and
upper boundary ma min. All of our diversity curves decrease over the most recent 10 Myr and
we used the Broad lists to determine whether the decrease was an artifact of the Narrow lists.
The decrease is also present when using the Broad lists (Fig. A.1A, the red and green curves
use Broad lists; the blue curve uses Narrow lists).
Our file downloaded from PD on 29 January, 2008 included 437,940 occurrences and 30,782
terrestrial and marine genus names. Our first collection, G21663 the focus of our study, includes
all marine genera in PD. Our second collection, G13687, includes the 13,687 genera that are in
44
A
 0
 1
 2
 3
 4
 0 100 200 300 400 500
Th
ou
sa
nd
s 
of
 G
en
er
a
Time Mya
NgPgKJTrPCDSOCm
B
 0
 0.2
 0.4
 0.6
 0.8
 0.01  0.02  0.03  0.04  0.05
Sp
ec
tra
l P
ow
er
Frequency (cycles/Myr)
140 62
Figure A.1 A. Graphs of the diversities of all PD genera including terres-
trial genera (red) and G21663 (green) using Broad lists and of
G21663 using the Narrow lists (blue). B. The discrete Fourier
transform spectra of the graphs in A.
both PD and in Sepkoski’s original database. For both collections we developed several time
series including:
1. Marine, that includes all marine genera in the collection.
2. GBA, that includes only the genera falling in one of the classes Gastropoda, Bivalvia,
and Articulata.
3. NonGBA, that includes each genus that is in a class other than Gastropoda, Bivalvia,
and Articulata. (Some genera had no class designation and are not in either GBA nor
NonGBA.)
4. Nearshore, that includes genera for which the depositional environment is one of the
environments that we label Nearshore in Table A.1.
5. Offshore/Deep, that includes genera for which the depositional environment is one of the
environments that we label Offshore/Deep in Table A.1.
Table A.1: PD environment and our assignment of 21,663
PD genera annotated with environments of deposition.
PD environment Number Our environment
of Genera
marine indet. 7850 marine indet.
(Continued on next page)
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Table A.1 (continued from previous page)
PD environment Number Our environment
of Genera
reef, buildup or bioherm 2612 nearshore
carbonate indet. 1865 marine indet.
coastal indet. 1258 nearshore
offshore 1240 offshore
shallow subtidal indet. 1148 nearshore
transition zone/lower shoreface 501 marginal
offshore shelf 492 offshore
open shallow subtidal 464 marginal
marginal marine indet. 460 marginal
lagoonal/restricted shallow subtidal 385 marginal
lagoonal 312 marginal
deep subtidal indet. 291 offshore
basinal (carbonate) 259 offshore
slope 255 offshore
deep subtidal shelf 246 offshore
deep subtidal ramp 217 offshore
estuary/bay 208 marginal
basinal (siliceous) 195 offshore
deltaic indet. 188 marginal
offshore indet. 185 offshore
shoreface 161 marginal
deep-water indet. 158 offshore
basinal (siliciclastic) 152 offshore
offshore ramp 82 offshore
prodelta 74 marginal
peritidal 63 marginal
delta front 57 marginal
basin reef 54 offshore
submarine fan 44 offshore
perireef or subreef 41 unassigned
foreshore 34 marginal
paralic indet. 28 marginal
sand shoal 21 marginal
platform/shelf-margin reef 20 unassigned
delta plain 18 marginal
interdistributary bay 16 marginal
slope/ramp reef 6 offshore
intrashelf/intraplatform reef 3 marginal
Rohde and Muller (2005) excluded from their well–resolved genera those that appeared
only once in the Sepkoski Compendium, on the basis that genera that are not verified by
another published occurrence could be questionable. We included single occurrence genera
46
Table A.2 Composition of diversity curves: The proportion of single occur-
rence (S.O.) and GBA genera for both PD diversity estimates
are given here.
Total S.O. GBA
Genera Genera Genera
G21663 21,663 50.7% 27.9%
GBA21663 Nearshore 4,139 42.0% 37.9%
GBA21663 Offshore/Deep 3,187 45.9% 26.4%
G13687 13,687 42.7% 36.3%
GBA13687 Nearshore 3,286 37.5% 38.2%
GBA13687 Offshore/Deep 2,524 44.9% 27.4%
in our diversity curves, and also computed the diversities with single occurrences excluded to
explore the impact of such genera. It is apparent from Fig. A.2 and the peaks and significances
listed in Tables A.3 and A.4 that the Fourier spectra of these two types of curves yield the
same information about ∼62 and ∼140 Myr cyclicity.
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Figure A.2 A. Graphs of G21663 (blue) and G21663 excluding single oc-
currences (red) and of G21663 with the broad definition of age
intervals (green). The red curve lies along the spine of the blue
curve. B. Fourier spectra of the same diversities. The red curve
almost covers the blue curve.
The spectra of the diversities of Gastropoda, Bivalvia, and Articulata (GBA) and the
diversities of the genera in classes other than these for both G21663, and G13687 are shown in
blue and black in Fig. A.3. Single occurrence genera are included and the background spectra
based on GBA in each graph are shown in red (random step) and green (random block).
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Figure A.3 The spectra of the diversities of Gastropoda, Bivalvia, and Ar-
ticulata (blue) and the diversities of the genera in other classes
(black) on the left for G21663, and G13687. The right column
contains similar graphs for Nearshore genera (blue) and Off-
shore genera (black). Random step (red) and random block
(green) backgrounds in each graph are based either on random
permutations of GBA or of Nearshore diversities.
Similar graphs for Nearshore and Offshore are also shown in Fig. A.3. The backgrounds are
essentially identical in all six curves, and all of the backgrounds that we have computed are
the same as these.
Significances.
The significances of spectral peaks shown here and in the main text are shown in tables A.3
and A.4. Fractions for both random step (RS) and random block (RB) backgrounds are shown.
The asterisk (e.g. RB*) in Table A.3 signals that for peaks near 62 Myr, the random block
fraction is always largest and therefore is the significance of those peaks. RS* in Table A.4
signals that for peaks near 140 Myr the random step fraction is always largest and therefore
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Table A.3 Significances of spectral peaks near 62 Myr period.
Including single occs. Excluding single occs.
Genera Period RS RB* Period RS RB*
G21663 61.2 0.028 0.203 61.4 0.019 0.177
GBA 62.2 0.002 0.028 62.2 0.001 0.027
NonGBA 59.8 0.211 0.534 60.0 0.228 0.557
Nearshore 63.3 0.002 0.049 63.4 0.002 0.050
Offshore 58.3 0.245 0.549 58.4 0.265 0.586
G13687 61.0 0.030 0.224 61.1 0.027 0.212
GBA 62.4 0.002 0.034 62.4 0.002 0.033
NonGBA 59.4 0.161 0.471 59.5 0.171 0.490
Nearshore 63.0 0.001 0.025 63.0 0.001 0.022
Offshore 58.3 0.149 0.443 58.4 0.160 0.471
is the significance of those peaks.
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Table A.4 Significances of spectral peaks near 140 Myr period.
Including single occs. Excluding single occs.
Genera Period RS* RB Period RS* RB
G21663 136.3 0.085 0.054 136.3 0.075 0.049
GBA 125.6 0.018 0.009 125.6 0.018 0.009
NonGBA 151.0 0.135 0.046 151.0 0.101 0.037
Nearshore 133.2 0.054 0.039 133.5 0.046 0.033
Offshore 146.6 0.225 0.126 146.3 0.208 0.120
G13687 138.3 0.154 0.117 137.1 0.129 0.107
GBA 124.4 0.023 0.015 124.4 0.023 0.015
NonGBA 153.1 0.143 0.043 153.1 0.117 0.037
Nearshore 132.7 0.066 0.046 132.7 0.060 0.042
Offshore 147.9 0.159 0.071 147.6 0.145 0.070
Significant results of this supplementary discussion
1. Cycles in Phanerozoic fossil diversity from our dataset are essentially insensitive to single
occurrence genera.
2. Our sampling of PD data appears to strongly differ from Sepkoski’s Compendium over
the biodiversification rate in the most recent 100 Myr.
3. Cycles in Phanerozoic fossil diversity are still apparent in PD data when terrestrial genera
are included in FT analysis.
Data and Computational Routines
Download our scripts and routines from our repository:
http://www.climatemodeling.org/paleo/diversity/
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Age Range Lists.
We provide each age range list (G21663, G21663 broad, and G13687) in the data directory
(supplement/data/age range lists/). These tables include fields for the genus name, its number
of occurrences, first occurrence age (FAD), FAD uncertainty, last occurrence age (LAD), LAD
uncertainty, environment, the frequency that an environment was reported for that genus
name, phylogenetic class, and the frequency that a phylogenetic class was reported for that
genus name. The FAD and LAD age uncertainties reflect the total error associated with each
occurrence, which is computed from PD as max age - min age for the FAD or LAD occurrence.
Time Series Data.
Our time series data is grouped into four different sub–directories based on the our four
diversity definitions: 1) narrow (supplement/data/time series narrow/), 2) narrow excluding
single occurrence genera (supplement/data/time series narrow no single/), 3) broad (supple-
ment/data/time series broad/), 4) broad excluding single occurrence genera (supplement/data/time
series broad no single/). Each sub–directory contains the following files:
• G21663: g21663.csv, g21663 gba.csv, g21663 gba others.csv, g21663 nearshore.csv, g21663 offshore.csv
• G13687: g13687 all.csv, g13687 gba.csv, g13687 gba others.csv, g13687 nearshore.csv,
g13687 offshore.csv
Scripts and Routines.
The scripts provided in our zip file http://www.climatemodeling.org/paleo/diversity/ can
be used to reproduce the working database and queries that generated the datasets used
in our analysis, as described in the main paper. The scripts were developed for use in a
Linux environment using standard utilities (bash, awk, etc.) and the PostgreSQL open source
database package. The system or database administrator must provide the user with privileges
to create PostgreSQL databases. Approximately 100 MB of disk space is required for the
database, intermediate files, and output datasets. The scripts were developed and tested
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under Fedora Core 5 (i386 release) using PostgresSQL version 8.1.8 and Fedora Core 6 (both
the i386 and x86 64 releases) using PostgreSQL version 8.1.10. The following is a description
of each of the files provided in this supplementary information.
• create db.bash – A bash script routine that requires the script files listed below to create
and query the PostgreSQL tables
• fix fields.bash – A bash script for parsing the downloaded PD file; used by create db.bash
• extract fields.bash – A bash script for extracting the desired data after parsing; used by
create db.bash
• pd.sql – An SQL script that creates the PostgreSQL tables; used by create db.bash
• load.awk – An awk script for loading the parsed data into the PostgreSQL table; used by
create db.bash
• query 2.csh – A C-shell query script for developing time series diversity data; used by
create db.bash
To implement our routines it will be necessary to work from an environment where the >
and < conventions and vertical pipes (|) are supported, such as the bash shell in Linux. Once
you have downloaded and extracted our compressed ‘supplement.zip’ or ‘supplement.tar.gz’ file
in a Linux environment, our entire script routine can be implemented by executing create db.bash.
$ ./create_db.bash
create db.bash will develop our PostgreSQL age range tables for each diversity collection
(g21663, g21663 broad, g13687), query them, and output the time series diversity of each
collection to its corresponding directory (e.g. supplement/g21663/query/environs marine/
query 4.csv). We describe each of the subroutine scripts of create db.bash below.
Step 1: Creating the database
pd.sql The pd.sql script creates the PostgreSQL table pd, and declares the type for each field
to be entered into table pd. Two additional fields will be generated, one (pd id) is a unique
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identifier for that entry, and the second (modtime) is a time stamp for that row. PostgreSQL
will read from pd.sql when you pass it the command:
$ psql database_name < pd.sql
fix fields.bash. fix fields.bash will parse the file fed to it, which is specified by the assign-
ment statement FILE=pd-2008-01-28-occs.csv on line 5. The file pd-2008-01-28-occs.csv,
downloaded from the Paleobiology Database (PD), will be parsed by fix fields.bash so that
it will be easily entered into the PostgreSQL database. The script will change the comma
delimiters (,) to vertical pipes (|) and the double–double quotes (””) to double quotes (”). It
has eight steps:
1. Start with the second row in the PD download since the first row lists the field titles
2. Turn all double–double quotes into tildes (∼) (since ∼ does not occur in the file)
3. Search for commas within double quoted fields and replace with plus signs (+) (since +
does not occur in the file). (Note: this method has the side effect of adding a double
quote at the end of every record, but we’re getting rid of those double quotes in the next
step anyway.)
4. Remove all double quotes
5. Replace all comma delimiters with the new vertical bar delimiter (Don’t worry, vertical
bar is not already used in the file).
6. Turn plus signs back into commas
7. Turn tildes back into double quotes
8. Replace each single quote (’) with an escaped single quote (\’) so single quotes can be
easily added
extract fields.bash. extract fields.bash uses awk to print the desired fields from the
PD download to a file. These fields can be organized by adding, removing, or substituting a
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particular field (e.g., $1 designates the first field in awk). For each field added or removed, you
must add or remove its corresponding argument (%s|). Run the fix fields.bash script, pipe
standard out to extract fields.bash, and write the output to a file as follows:
$ ./fix_fields.bash | ./extract_fields.bash > pd.db
load.awk. load.awk contains a loop that inserts the contents of pd.db into the PostgreSQL
table pd. It is important that the number of fields in pd.db be equivalent to the number of
fields specified for loading in load.awk. The number of fields to be loaded is set to 24 by the
argument on line 4 of load.awk:
for (i = 1; i <= 24; i++) {
load.awk is used in conjunction with pd.db to load the data as follows:
$ awk -f load.awk pd.db | psql sed_rock
Steps 2 and 3: creating the age range list
Create a second table of age ranges using table pd, in which each genus name from pd is
represented by fields listing its genus name, youngest and oldest geologic occurrences (i.e. its
geologic range), phylogenetic class, and its environment.
build range 2.bash. build range 2.bash is a loop that generates the age range table by
writing the PSQL commands to be executed on table pd to an intermediate file (build range
3.bash). This routine may take 3 or more hours depending on the speed of your machine
and background processes you may be running. build range 2.bash first queries table pd
to generate a list of all unique genus names, which are assigned to the variable ALL GENERA.
The script then walks through the database one genus name at a time, searching for the
smallest age for that genus name, and inserting that age into the new table in the field lad
(last occurrence datum). The largest age will be inserted into the new table in the field
fad (first occurrence datum). The number of occurrences of each genus name in table pd
is inserted in the field genus count. The tax class field inserts the taxonomic class of that
genus name, and tax class count counts the number of times a taxonomic class was reported.
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The environment field sorts all the environments listed for that genus and inserts the most
common environment. environment count inserts the number of times an environment was
reported for that genus.
Step 4: querying the age range table
query 2.csh. query 2.csh is the final step in developing time series diversity data. It counts
for each integer t the number of genera present at time t Myr. A genus G is present at time t
Myr if it first appeared before t+ 1 Myr and last appeared at or after t Myr. A genus whose
first and last appearances each fall at t Myr or between t Myr and t + 1 Myr is also counted
as present at time t.
The query 1.bash executable initiates query 2.csh and parses the time series output to
the file query 4.csv (and the file query 4.dat, which only a convenience for plotting that
divides the results by 1,000 to save space in the graph margins).
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APPENDIX B. Supporting information for Chapter 4
In this supplement we contribute details that further describe the methods used in our
analysis. This supplement is divided into five sections. Section B is a description of our com-
putational routines that describes how to reproduce our results from the raw data. Then a
description of how we converted our lithological and depositional environment data appears in
Sections B and B. This is followed by Section B, which describes our method for calculating
neighborhood beta diversity, and section B, which further explores our correlation between
the alpha diversity and the diversity of k-means habitat types. Finally, an extended table of
diversity indexes appears at the end of this supplement.
Computational Routines
All of our data and scripts can be downloaded as compressed tar or zip file from our
repository (www.climatemodeling.org/paleo/ecosystem drift/). These files can be used to
reproduce the working database and our analytical results– however, you will need to use
your own k-means clustering algorithm to develop the k-means habitat types (see lines 73-80
of build mdiv.bash). Our scripts were developed for use in a Linux environment using stan-
dard utilities (bash, awk, etc.), the PostgreSQL open source database package, and IDL. The
system or database administrator must provide the user with privileges to create PostgreSQL
databases. Our diversity indexes were calculated in IDL. All scripts were developed and tested
under Fedora Core 6 (x86 64 release) using PostgreSQL version 8.1.10.
To reproduce our results you will first need the following:
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1. Occurrence data (20080801-occs.csv) from our repository (www.climatemodeling.org/
paleo/ecosystem drift/) or download your fossil occurrences from www.paleodb.org spec-
ifying under “Basic options” 60 and 0 as the “Oldest and youngest intervals” and the
following “Collection fields1”:
• “latitude/longitude in decimal”
• “midpoint age (Ma)”
• “lithology 1”
• “lithology 2”
• “environment”
2. The scripts contained in the main directory (mdiv/) our online repository (www.climatemodeling.
org/paleo/ecosystem drift/).
3. k-means clustering software.
4. IDL data analysis software and the IDL scripts from our repository (mdiv/idl/), or you
can rewrite these scripts (gstring.pro, mdiv.pro, mdiv pca.pro, pca.pro, rs test.pro)
for use in another language.
Lithological Data
We downloaded 83,213 globally distributed fossil occurrences from the Paleobiology Database
(PD) that spanned the most recent 60 million years, each of which were annotated with fields
describing lithology and depositional environment. Two fields describing the lithology, pri-
mary and secondary, annotated each fossil occurrence. We followed the PD’s data entry cri-
teria (http://paleodb.org/public/tips/lithtips.html) in order to assign values of percent sand,
silt, clay, and lime mud for each occurrence based in its lithological annotations. A subset of
58,878 occurrences were described only by a primary lithology field, which reflected the entire
lithology of the observation. For example, the category claystone designates those occurrences
derived from clay rocks that area entirely fine-grained siliciclastics whether lithified or not
1Genus names are included by default.
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(excluding mudstone and shale). We assigned claystone-only occurrences a value of 100% in
the clay sized grain field, and 0% in all other fields.
The remaining 24,335 occurrences were described by both a primary and secondary lithol-
ogy. For these the primary field could have accounted for as little as 51% or as much as 99%
of the total rock volume, while the secondary 1% - 49%. We took the median of these ranges
(primary: 75%, secondary 25%) to proportionally assign values to these occurrences. An oc-
currence with a primary lithology of claystone (100% clay) and secondary of marl (50% clay,
50% lime mud2) would be assigned proportionate values of clay and lime mud based on the
75%:25% ratio between primary and secondary lithologies, such that the occurrence is said to
contain 87.5% clay and 12.5% lime mud. The sum of all fields for each occurrence was always
equal to or less than 100%. In total our data contained 29 marine lithological categories, and
when considering combinations of both primary and secondary fields there were 336 different
combinations of the two. Table B.1 gives a partial listing of these categories, their equivalent
values for different grain sized particles and explanations for these values. The complete listing
of all lithological category combinations (mdiv lith.db) can be found in the data directory of
the compressed tar file.
2Marl consists of 35%-65% clay and 35%-65% lime mud, therefore equal proportions of clay and lime mud
are taken (50%:50%)
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Table B.1: Lithological categories. Value equivalents for 8 of 336
lithological categories. See online repository for a complete listing.
SA indicates percent sand- SI, percent silt- CL, percent clay- and
LM, percent lime mud.
PD SA SI CL LM Explanatory
environment notes
baﬄestone only 10 10 10 0
Rocks whose chief characteristic is that
they are bound by a matrix of organisms
that acted as baﬄes during deposition,
and contain smaller grains, therefore a
small, but equal fraction of of sand silt
and clay are assigned for these rocks.
bindstone only 10 10 10 0
Rocks whose chief characteristic is
that they are bound by a matrix of
organisms, especially algae, and may
contain smaller grains, therefore a
small, but equal fraction of of sand,
silt, and clay are assigned for these
rocks.
claystone only 0 0 100 0
Fine-grained siliciclastic rocks
consisting entirely of clay
composed of grains greater than 2 mm.
grainstone only 65 0 0 0
Grain supported limestone with a higher
proportion of grains than wackestone,
which are in contact with one another,
but with spar cement, not lime mud,
filling interstitial pores. Therefore
grainstone is given the same sand-sized
grain proportions but with no proportion
of lime mud. (Compare mudstone,
wackestone, packstone, grainstone,
floatstone, rudstone in Dunham 1962/
Embry and Klovan 1971 carbonate
classification
lime mudstone only 5 0 0 95
A carbonate (limestone) composed almost
exclusively of micrite, but with less than
10% sand grains, therefore a median of
5% sand is taken, leaving 95% lime mud
limestone only 0 0 0 0
This category contains only those
specimens that could not be classified
inot a more specific carbonate lithology,
and includes chalk.
marl only 0 0 50 50
Consists of 35%-65% clay and
35%-65% lime mud, therefore equal
proportions of clay and lime mud
are taken (50%:50%)
(Continued on next page)
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Table B.1 (continued from previous page)
PD SA SI CL LM Explanatory
environment notes
mudstone only 5 47.5 47.5 0
Fine-grained siliciclastic rocks
containing silt to clay sized particles,
but not less than 33% of either, and
less than 10% sand-sized grains.
Therefore equal proportions are taken
of clay and silt (47.5%:47.5%) and
the median of 0% and 10% sand.
(Compare mudstone, Wackestone,
Packstone, Grainstone, Floatstone,
rudstone in Dunham 1962/Embry and
Klovan 1971 carbonate classification
Depositional environment
Each occurrence from the PD included in our dataset was annotated with an environment of
deposition. These facies interpretation were made by the contributing paleontologist, drawing in-
formation from a combination of lithological features, sedimentary structures and geologic context
(http://paleodb.org/public/tips/environtips.html). Our analysis was for the marine occur-
rences beginning with those that occurred in the intertidal zone. We assigned each depositional envi-
ronment a numerical value for water depth and used this, along with our lithological values (% sand,
etc.) to cluster the observations into habitat types. Table B.2 provides a complete listing of each PD
environment included in our analysis, its equivalent water depth, and our explanatory notes.
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Table B.2: Lithological facies. Value equivalents for depositional
environment categories.
PD Water Explanatory
environment Depth notes
delta plain 0
Upper delta plain is above high tide, and
has no marine influence. The lower delta plain
is below, therefore a median of sea level is taken.
interdistributary bay 0 Includes marshes and mudflats. Part ofthe lower delta plain and sits at sea level.
foreshore 0
Landward of shoreface. Water depth
varies with the tide and often becomes
emergent. Could include evaporites. The
median point at high tide would be below
water, but during low tide would be
emergent. Therefore a depth of 0 is taken.
sand shoal 1
Shallow water influenced largely by
tide/wave action and conducive to
ooid formation.
paralic indet. 2
Paralic (cf. marginal marine) represents
the longitudinal transition between
aquatice continental aquatice waters
and marine, and are quite shallow.
shallow subtidal indet. 10 Water depth is greater than transitionalzones. May occasionally become emergent.
peritidal 5
May become emergent and could include
evaporites. The median of high and
low tide is taken.
lagoonal 7.5 Water depth is shallow, yetstill below tidal base.
estuary/bay 10 cf. paralic, but ranging to greater depth.
lagoonal/restricted shallow subtidal 10 Below low tide.
shoreface 15
Seaward of foreshore. The Upper shoreface
is above wave base and can be agitated by
waves, while the lower shoreface is only
affected by large storms. The median is
taken to be the wave base, as well as
subtidal and below the foreshore.
transition zone/lower shoreface 20
Deeper than shoreface and below wave
base. Only affected by major
storm events.
open shallow subtidal 50 Below low tide. Above offshore.
delta front 50
The seaward portion of a delta
still near enough to shore in order
to be dominated by sand sized clasts.
reef, buildup or bioherm 50
Within the photic zone (i.e. less than
(Continued on next page)
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Table B.2 (continued from previous page)
PD Water Explanatory
environment Depth notes
200 m), however most are much closer
to surface light.
deltaic indet. 100
Ranging from a few meters above sea
level (e.g. upper delta plain) to 200 m
below. The median of the range is taken.
coastal indet. 100 Ranges anywhere between 0 and 200 meters,therefore the median of that range is taken.
marginal marine indet. 100
Closer to shore than offshore shelf.
Ranges anywhere between 0 and 200 meters,
therefore the median of that range is taken.
perireef or subreef 100 Water depth is between 0 and 200 meters,therefore the median of that range is taken.
platform/shelf-margin reef 100 Water depth is between 0 and 200m,therefore the median of that range is taken.
prodelta 100 Water depth is between 0 and 200 meters,therefore the median of that range is taken.
intrashelf/intraplatform reef 100
offshore shelf 150 Farther offshore than marginal environments,but landward of the slope.
slope/ramp reef 150 Water depth is on the verge of the photic zone.
deep subtidal ramp 200 On the verge of the continental shelf.
marine indet. 200 Ranging from marginal marine to open marine.A median of 200 m is taken.
offshore 200
offshore indet. 200
carbonate indet. 500
Water depth is unknown, therefore the
median of the marine water depth range
is taken.
offshore ramp 600
slope 600
submarine fan 600
basinal (carbonate) 1000
basinal (siliceous) 1000
basinal (siliciclastic) 1000
basin reef 1000
deep subtidal indet. 1000
deep subtidal shelf 1000
deep-water indet. 1000
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Neighborhood beta diversity
To measure the difference in diversity between assemblages we computed a neighborhood beta
diversity (see mdiv/idl/mdiv.pro in our repository). We calculated our beta diversity as
the difference between assemblages following Whittaker’s method (Whittaker, 1972) with one
modification. Our beta diversity is equivalent to the mean of the betas between the assemblage
of interest, Ai, and the assemblages within the immediate neighborhood of Ai. For each Ai
that was surrounded by a number of occupied assemblages N where 1 ≤ N ≤ 8, beta diversity
was calculated as Gc
G
− 1, where Gc is the total diversity of genera in the composite of two
assemblages and G is the mean diversity of genera in both assemblages. Empty assemblages,
those without fossil occurrences, were excluded (Table B.3). Where N = 1, there calculation
of beta diversity was straight forward, but for neighborhoods where 2 ≤ N ≤ 8, neighbor-
hood beta diversity was calculated as the mean of all betas. To complete the neighborhood
for assemblages located at geographical edges (e.g., longitude 179◦W to 180◦W), we wrapped
these neighborhoods to include assemblages at the opposite geographic extreme (e.g., longi-
tude 180◦E to 179◦E). No occupied assemblages in our dataset appeared at latitudes above
89◦ north or south, therefore it was not necessary to wrap over the poles.
Table B.3 Neighborhood beta diversity map. The assem-
blage of interest, indicated here by Ai, lies at
the center of the grid of nine. In the example
blow beta diversity for Ai is calculated as the
mean of all β between Ai and its occupied ad-
jacent assemblages (0.80, 0.70), which is equiv-
alent to 0.75 for Ai.
0.80 null null
0.70 Ai null
null null null
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Principal Component Analysis
To further explore our analytical methods, we compared the correlation outcome of alpha
diversity to the means of each environmental parameter (water depth, percent sand, etc.) and
to the number of habitat types after PCA rotation of the axes. First we performed PCA ordi-
nation on all 5 environmental parameters, clustered (k-means) them, then compared the results
between assemblages just as described above. PCA rotation of the 5 environmental parameters
resulted in essentially no correlations to alpha diversity (water depth: r = −0.027, pct. sand:
r = −0.034, pct. silt: r = 0.003, pct. clay: r = −0.011, pct. lime mud: r = −0.141), indi-
cating that PCA does not optimize correlations in our data better than k-means clustering.
PCA ordination and clustering of all 5 parameters into habitat types also resulted in a reduced
correlation to alpha diversity (r = 0.677), which indicates that PCA rotation does not improve
the correlation (or reduce noise) better than k-means for our data. In the last method we
performed PCA ordination, but clustered only the three most principal factor loadings, which
accounted for 81% of the total variance in the data, and resulted in a correlation between
habitat types and alpha diversity (r = 0.672) less than that of k-means clustering alone. Data
rotation and dimension reduction from PCA therefore, do not improve the correlation of any
of our environmental parameters to alpha diversity.
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Table B.4 Local diversity by region. Mean abundances per assemblage (1◦ longitude × 1◦ lati-
tude) for alpha, beta, habitat type, and source pool diversity, as well as connectivity.
Footnote symbols indicate peaks Cenozoic values, with the exception of the Early
Eocene beta diversity in Europe which was actually a secondary peak.
α- β- Habitat Source
Interval Region Div. Div. Types Pool Div. Connectivity
Holocene
E. N.Am. 42.0 0.00 2.2 1.0 0.00
Europe 55.5 0.00 7.0 1.0 0.00
Japan 4.7 0.67 1.3 2.0 0.08
Pleistocene
E. N.Am. 78.7 0.79 5.3 198.5 0.40
Europe 17.6 0.53 2.0 25.2 0.16
Japan 18.0 0.73 2.7 20.0 0.14
Pliocene
E. N.Am. 75.9 0.78 5.0 205.8 0.35
Europe 19.3 0.72 3.1 26.4 0.14
Japan 24.2 0.72 3.5 25.5 0.12
Late Miocene
E. N.Am. 50.8 0.89‡ 5.6 85.4 0.21
Europe 24.8 0.73 2.8 48.0 0.19
Japan∗ 44.2‡ 0.70 4.5‡ 84.5 0.21
Middle Miocene
E. N.Am. 72.5 0.56 5.3 90.1 0.11
Europe 36.8 0.66 4.1 78.1 0.23
Japan∗ 24.1 0.84‡ 2.8 41.7 0.20
Early Miocene
E. N.Am. 79.7‡ 0.85 6.7‡ 150.6 0.30
Europe 35.3 0.44 3.7 22.8 0.10
Japan∗ 12.6 0.60 2.8 10.8 0.11
Late Oligocene
E. N.Am. 12.6 0.22 3.3 2.0 0.03
Europe 34.2 0.26 4.8 7.4 0.04
Japan 22.7 0.63 4.2 18.5 0.12
Early Oligocene
E. N.Am. 73.5 0.73 5.7 134.4 0.30
Europe 42.8 0.47 3.6 3.6 0.09
Japan 29.7 0.11 2.3 8.6 0.02
Late Eocene
E. N.Am. 59.4 0.79 5.2 120.5 0.21
Europe† 60.8‡ 0.56 6.0‡ 81.0 0.12
Japan 17.5 0.52 3.1 18.5 0.10
Middle Eocene
E. N.Am. 61.2 0.87 5.8 99.9 0.23
Europe† 47.8 0.55 3.8 97.2 0.16
Japan 27.9 0.55 3.5 35.2 0.22
Early Eocene
E. N.Am. 31.2 0.69 7.1 43.8 0.22
Europe† 33.7 0.64‡ 3.3 77.8 0.25
Japan 16.5 0.00 1.0 1.0 0.00
∗ Accelerated convergence of Japan and Pacific plate
† Overlapping phases of thrusting in Alps and Pyrenees resulting from northward convergence of Africa
with Europe and closure of Tethys Sea
‡ Peak alpha, beta, or habitat type diversity
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Table B.5 An extended table of correlations. Each column lists the Pearson
correlation (r) for alpha and beta diversity to various parame-
ters.
Parameter α β.
Global
Hab. Type Div. 0.857 -0.312
Connectivity 0.310 0.294
Mean Depth -0.036∗ 0.022∗
Depth Range 0.573 -0.181
Mean Sand Pct. 0.182 0.033∗
Mean Silt Pct. 0.190 -0.087∗
Mean Clay Pct. 0.142 -0.102∗
Mean Lime Mud Pct. 0.132 -0.073∗
Europe
Hab. Type Div. 0.783 0.040∗
Connectivity 0.110 0.692
Japan
Hab. Type Div. 0.768 0.000∗
Connectivity 0.176 0.014∗
Eastern North America
Hab. Type Div. 0.868 0.011∗
Connectivity 0.193 0.561
∗ Non-significant correlation (P > 0.001, two-tailed test)
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BA OligoceneEocene
C Miocene D Pliocene
Figure B.1 Alpha diversity of Europe by sub-epoch. As in the main paper
alpha diversity is indicated by the map legend colors.
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BA Oligocene
C Miocene D Pliocene
Eocene
Figure B.2 Alpha diversity of Japan by sub-epoch.
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BA OligoceneEocene
C Miocene D Pliocene
Figure B.3 Alpha diversity of eastern North America by sub-epoch.
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